Turkey hemorrhagic enteritis virus (THEV) is a member of the genus Siadenovirus and causes disease in turkey poults characterized by splenomegaly, bloody diarrhoea and death. The mechanism responsible for intestinal lesion formation and mortality is not known, although there is strong evidence that it is immune-mediated. All strains of THEV are serologically indistinguishable, although there are naturally occurring avirulent strains of THEV that replicate efficiently in turkeys without the intestinal haemorrhage or mortality associated with more virulent strains. The purpose of this study was to determine which viral genes are involved in virulence. The full-length genome of an avirulent vaccine strain was sequenced and compared with the genome of a virulent field isolate from Israel that was sequenced in 1998. Comparison of the two 26.3 kb genomes revealed 49 nucleotide differences resulting in 14 putative amino acid changes within viral proteins. Sequencing of the regions surrounding the 14 missense mutations revealed variations in ORF1, E3 and the fiber (fib) knob domain in five additional strains with varying degrees of virulence. Complete sequences of these genes were determined in a total of 11 different strains of THEV. All strains had at least one missense mutation in ORF1, and all but two of the strains had one missense mutation in E3. At least one missense mutation was found in the fiber knob domain in six out of seven virulent strains. Sequence variation of ORF1, E3 and fib in strains of THEV with different phenotypes strongly indicates that these genes are the key factors affecting virulence.
INTRODUCTION
Adenoviruses are linear, double-stranded DNA viruses that are known to be involved in infectious diseases of virtually every class of vertebrate. Adenoviruses are divided into four genera based on phylogenetic differences: Mastadenovirus, Aviadenovirus, Atadenovirus and Siadenovirus. Mastadenoviruses infect a wide range of mammalian species including humans, whilst aviadenoviruses infect a wide range of avian species. The most recently added genera, Atadenovirus and Siadenovirus, are composed of 'orphan' adenoviruses whose genetic structure and evolutionary history are not consistent with the host-defined hierarchy of mast-and aviadenoviruses (Benko & Harrach, 1998; Davison et al., 2003) . The genus Siadenovirus is named after the genus-specific open reading frame (ORF) whose putative gene product has high sequence similarity with bacterial sialidase proteins. The two recognized members of this genus are turkey hemorrhagic enteritis virus (THEV) and frog adenovirus 1 (FrAdV-1) (Davison et al., 2000; Davison & Harrach, 2002) . It has been hypothesized that siadenoviruses originated in amphibians and then adapted to avian species (Davison et al., 2003) , whilst atadenoviruses are believed to originate from reptilian hosts (Wellehan et al., 2004; Farkas et al., 2008) .
Haemorrhagic enteritis (HE) is an economically significant disease of turkeys caused by virulent strains of THEV (THEV-V) resulting in depression, splenomegaly, haemorrhagic diarrhoea, immunosuppression and mortality. Mortality is dependent on the virulence of the particular strain, with up to 80 % mortality observed in experimentally inoculated turkeys (Pierson & Fitzgerald, 2003) . The full-length genome of a virulent field isolate from Israel (IVS) was sequenced in 1998 (Pitcovski et al., 1998) .
Naturally occurring avirulent strains of THEV (THEV-A) have been isolated that replicate efficiently in turkeys, producing splenomegaly and immunosuppression but not resulting in mortality or intestinal lesions (Domermuth et al., 1977 (Domermuth et al., , 1979a Silim et al., 1978) . A naturally occurring avirulent strain, the Virginia avirulent strain (VAS), was isolated from pheasants in the 1970s (Domermuth et al., 1977) . VAS has been used as a live-virus vaccine for decades, with no reported reversion to a virulent phenotype (Domermuth et al., 1977; Thorsen et al., 1982) . The use of MDTC-RP19 lymphoblastoid cells to propagate virus in vitro (Fadly et al., 1985) has allowed the creation of tissue-culture-attenuated strains, which are now commercially available.
Although the phenotypic differences between avirulent and virulent strains of THEV are significant, the actual cause of the variation in virulence is unknown. Attempts to differentiate strains using restriction endonuclease fingerprinting have indicated that isolates from chickens, turkeys and pheasants are clearly distinguishable (Zhang & Nagaraja, 1989) . However, comparison of partial sequence data from THEV-A and THEV-V shows high sequence identity in major structural genes Jucker et al., 1996 ; GenBank accession no. AF036243). Sequence identity is consistent with observed serological identity between strains, but does not begin to explain the variation in virulence. Determination of the viral factors affecting virulence is further complicated by a lack of detailed understanding of the molecular mechanisms of lesion formation and mortality in vivo.
Based on the stability of phenotypes, the difference between virulent and avirulent strains of THEV should be explicable by a change in genetic content. It is hypothesized that, in order for two viral strains to have a major phenotypic variation, they must also have key genetic differences. The purpose of this study was to determine the regions of genetic diversity found in strains of THEV with varying virulence.
METHODS
Viruses. The viruses used in this study were isolated from commercially available vaccines and various virulent field isolates (Table 1) . VAS was originally isolated in 1977 from enlarged spleens of pheasants suspected of having marble spleen disease (MSD). It has been maintained as a low-passage splenic vaccine strain for the prevention of HE, with five to six live-bird passages since 1985. Sixweek-old medium white turkey poults provided by British United Turkeys of America were inoculated intravenously with 100 50 % turkey infectious doses of VAS and euthanized by cervical dislocation 3 days post-inoculation. Spleens were collected from each bird and stored at 220 uC until used. The Virginia virulent strain (VVS) was originally isolated from enlarged spleens of turkeys that had died from clinical HE. The marble spleen vaccine (MSV) strain was isolated from the litter of a turkey farm whose poults displayed natural resistance to experimental THEV-V infection and has been used as a vaccine for the prevention of MSD in pheasants (Domermuth et al., 1977) . Four strains of THEV-V were isolated during the summer of 2005 from four cases of suspected clinical HE in the Shenandoah Valley, VA, USA. Spleen and gut samples from these cases (S-1 to S-4) tested positive for THEV by PCR and agar gel immunodiffusion. Four commercially available tissue culture vaccine strains were also included (TC-A to TC-D). The original source of these strains is thought to be VAS, but the true source is unknown. The full-length genome of IVS was sequenced in 1998 and was included in the comparative analysis (Pitcovski et al., 1998) .
DNA extraction. All DNA extractions were performed using InstaGene Matrix (Bio-Rad). Briefly, spleens were homogenized in sterile PBS (50 : 50, v/v). Tissue homogenate (250 ml) or vaccine suspension was added to 200 ml InstaGene Matrix, mixed well and incubated at 56 uC in a hot water bath for 30 min. Following incubation, samples were vortexed thoroughly and incubated in a 100 uC heat block for 8 min. Samples were then centrifuged at 15 000 r.p.m. for 10 min at room temperature in a Tomy MTX-150 microcentrifuge. Supernatants were collected and used in subsequent PCR amplifications. A standard PCR assay, using primers specific for the THEV-A hexon gene (NHEVF: 59-GTGGTTCAGCAGAAA-GTTCTT-39; NHEVR: 59-CAGTAGACTCATAAGCAACTAT-39), was performed to verify the presence of THEV DNA.
Complete genome sequencing. PCR primers were designed to amplify overlapping segments of the VAS genome that collectively spanned the complete viral genome. High sequence homology previously observed among THEV strains enabled PCR primers to be designed based on the complete DNA sequence of IVS (Pitcovski et al., 1998) . These segments were then sequenced by primer walking on both strands using 82 overlapping primer sets. Genome termini were sequenced using multiple primers that sequenced to each end of the linear genome. Sequencing was carried out using an Applied Biosystems 3730 DNA Analyser and assembly of the full-length sequence was performed using Sequencher version 4.1. Amplification and sequencing of PCR fragments were performed by Sequetech Corp. 
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Partial genome sequencing. Ten regions surrounding the missense mutations discovered in VAS were amplified in VAS, VVS, S-1, TC-A, TC-B and TC-C by standard PCR in overlapping amplicons ranging in size from 120 to 624 bp. The complete ORF1, E3 and fiber (fib) knob domain regions were amplified in all 11 strains by standard PCR using overlapping amplicons ranging in size from 298 to 751 bp. Products were electrophoresed in a 1 % agarose gel and visualized with ethidium bromide. DNA was extracted from bands excised from the gel using a QiaQuick Gel Extraction kit (Qiagen) and resuspended at a concentration of 10 ng ml 21 for sequencing. Sequencing was carried out by the Core Laboratory at the Virginia Bioinformatics Institute (VA, USA) using an Applied Biosystems 3730 DNA Analyser.
Sequence analysis. Sequence alignment and ORF prediction were carried out by using BioEdit version 5.0.9 (Hall, 1999) . Amino acid homology comparisons of putative ORFs were performed by using TBLASTN version 2.2.9 (Altschul et al., 1997) .
RESULTS
The VAS genome length, G+C content and inverted terminal repeats were very similar to those of IVS ( Table 2 ). The sequence of VAS was found to be 99.8 % identical to that of IVS and 54.4 % identical to FrAdV-1. All major ORFs and other sequence features were found in the expected locations and conformation ( Fig. 1 ). There were 49 point mutations found over the entire genome, resulting in 14 missense mutations within seven different genes -ORF1, IVa2, AdPol, pTP, pVII, E3 and fib (data not shown). All structural components of the virion had identical putative amino acid sequences, except for three differences found in the fiber knob. The hexon and penton base proteins of VAS and IVS were found to have identical putative amino acid sequences. This is significant, as it supports the observation that THEV strains are indistinguishable by serology. The missense mutations in VAS were all confirmed by resequencing of the regions surrounding the mutation sites.
Sequencing of these regions in five other THEV strains revealed five unique mutations in ORF1, E3 and fib, indicating their potential importance as virulence factors. The complete sequences of these genes were determined in a wide variety of THEV strains in order to understand the frequency of genetic change. Each of the 11 isolates was sequenced at three separate loci: ORF1 (nt 70-2200), E3 (nt 21070-22300) and the fib knob domain (nt 23386-23880). Approximately 3850 bp was sequenced from each isolate, equivalent to 14.7 % genome coverage. Twenty-eight point mutations were discovered in the sequences determined for the 12 isolates (Table 3) . Some of these were common among multiple isolates, but most were unique to a single strain. Of the 28 mutations, there was one probable frameshift, nine were silent or were not located within a putative ORF, and the remaining 18 changes were missense mutations.
ORF1 region
Sequence comparison revealed the presence of several unique and common point mutations within the ORF1 region. Sixteen point mutations were discovered in the 2130 nt region sequenced, seven of which were silent or not located within the putative gene.
A sequence comparison of the strains revealed a point insertion in IVS, possibly resulting in a frameshift that alters the ORF1 protein N terminus. The putative initiator for transcription of THEV ORF1 was located at nt 282, followed downstream by a start ATG at nt 313. ORF1 then extended for 1638 nt, possibly encoding a single 546 aa polypeptide. The insertion of a thymine in IVS at nt 458 possibly results in a frameshift. IVS may utilize an alternative start ATG at nt 399, restoring the reading frame but resulting in a truncation at the N terminus. It is possible that the frameshift is located within an intron, in which case all strains could still utilize the same start ATG without alteration of the resultant protein.
E3 region
Six point mutations were discovered in the 1230 nt region, two of which were silent. Three missense mutations were found within a 28 aa region in the middle of the ORF (aa 146-173). The changes found in the field isolates (S-1 to S-4) and tissue culture strains (TC-A to TC-D) occurred in a region of extreme variability compared with FrAdV-1. Interestingly, the only single point mutation conserved in all six of the North American virulent isolates was found at nt 22191, just downstream of the putative E3 stop codon.
Fiber knob domain
Six point mutations were found in the fib knob domain, none of which was silent. All of the mutations occurred in virulent strains, with the exception of TC-D. The mutations were evenly distributed throughout the knob domain, with some apparent clustering. The amino acids involved in the changes were similar: a gain of aspartic acid in two mutations, loss of methionine in two mutations and loss of proline in two mutations. The sequence of VAS fib was identical to that found in a previous sequence of VAS fib (GenBank accession no. AF036243).
DISCUSSION
Sequence comparisons did not indicate major changes in ORF1, E3 or fib. No large deletions or insertions were discovered, only single point mutations. No single point mutation was conserved in all of the avirulent isolates, although several point changes were conserved among all tissue culture isolates. In addition, no single point mutation was conserved in all of the virulent isolates. Of the seven virulent strains compared, six were isolated in Virginia. The lack of common mutations in IVS suggests a more distant ancestry, which is not surprising given the geographic distance between the sources. DLocated before putative start codon, so not expected to be within translated region.
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Grouping of isolates
It cannot be assumed that all missense mutations have an effect on viral phenotype. An undetermined proportion of the mutations discovered may have no impact on the structure or function of the proteins they affect. Many mutations may be random changes that have occurred over years of replication. In this way, the mutations only serve as phylogenetic markers that enable the tracing of strains back to a common ancestor.
The 12 isolates of THEV were grouped into distinct lineages based on single point mutations discovered within ORF1, E3 and the fib knob domain (Fig. 2) . Of the 12 isolates whose sequences were compared, there were only eight strains distinguishable by comparison of ORF1, E3 and fib. TC-A, TC-B and TC-C had identical DNA sequences. S-2, S-3 and S-4 also had identical sequences to one another. VAS and IVS were found to be different from all of the other strains. The North American virulent isolates grouped together, with the field isolates most closely related to the MSV strain.
ORF1
The putative ORF1 protein has been termed 'sialidase' because it has a region with a high level of similarity to bacterial sialidase proteins, although it is not known whether the conserved sialidase domain is of functional importance. ORF1 is considered to be genus-specific for the siadenoviruses, although its function is not known (Davison et al., 2000; Davison & Harrach, 2002) . Missense mutations in the 59-terminal 20 % of ORF1 occurred only in isolates expected to be virulent in turkeys. With the exception of the mutation found in TC-D at nt 836, every missense mutation in avirulent isolates was found in the 39 terminal 20 % of ORF1. The clustering of mutations in the terminal portions of ORF1 suggests the presence of at least two functionally important domains.
It is unknown whether ORF1 is a spliced gene, so the consequence of the nucleotide insertion/deletion at nt 458 is unknown. If the mutation leads to the use of an alternative ATG start codon by IVS, the result would be alteration and truncation of the N terminus by 29 aa. This truncation alone is not expected to impact greatly on virulence, as none of the other virulent strains that were sequenced had a similar change. Several of the putative changes are not likely to result in any conformational change, due to the close similarity of the amino acids involved. The isoleucine-to-methionine change at aa 28 is interesting in that it could serve as an alternative ATG start codon during translation of the ORF1 mRNA.
All avirulent strains had a mutation resulting in the loss of a glutamine residue near to the C terminus. This was one common characteristic found in all of the avirulent strains, with the two altered glutamines only 22 aa apart. It is possible that this mutation leads to the loss of a specific function of the C terminus of the ORF1 protein, resulting in loss of virulence. The function of the C-terminal domain of ORF1 is currently unknown, and future mutagenesis studies will focus on this region.
E3
Only mastadenoviruses and siadenoviruses encode genes in the region between the pVIII and fib ORFs, known as E3. In mastadenoviruses, the E3 genes encode proteins that aid the virus in avoidance of the host immune response (Ginsberg et al., 1989) . However, the single ORF found within the siadenovirus E3 region shared no sequence homology with any of the genes found within the mastadenovirus E3 region. One major feature of the putative siadenovirus E3 protein was a high number of cysteine residues that were conserved in both FrAdV-1 and THEV. A conserved cysteine-rich motif (CX 2 CX 6 CXC) was repeated three times in the C-terminal half of the siadenoviral E3. This motif is very similar to one found in the GAL4 protein of yeast. GAL4 is a DNA-binding transcriptional activator that has a very similar set of conserved cysteines (Marmorstein et al., 1992) . The E3 cysteine-rich regions also resemble the zinc-binding CR3 domain of the mastadenovirus E1A-13S protein. These similarities indicate that siadenovirus E3 may code for a transcriptional regulator similar to mastadenovirus E1A-13S. Regardless of this, the fact that the three cysteine-rich motifs are 100 % conserved in FrAdV-1 is strong evidence that they play an important role in the biology of siadenoviruses.
Each virulent field isolate lost a proline and all of the tissue culture vaccine strains gained a proline in the central part of the putative E3. The change in prolines occurred in a unique region of E3 that has very low similarity to the homologous gene of FrAdV-1. This may be an indication of a type-specific region of importance, an intron or a nonessential region linking two domains of functional importance. MSV and VVS had no mutations within E3, indicating that mutations in E3 are not essential for virulence. However, each of the avirulent strains had mutations in E3 that may cause the virus to be less virulent.
Fiber knob
The fiber knob is responsible for host receptor interaction, so it is possible that any amino acid changes could result in alteration of cell tropisms or receptor affinity (Howitt et al., 2003; Arnberg et al., 1997) . Unfortunately, the fiber knob of THEV is so different from that of the wellcharacterized mastadenovirus fiber knob that structural predictions are still impossible. Each of the virulent strains had a unique mutation in the fiber knob, except for MSV.
The fiber is the only adenoviral protein that is glycosylated.
Putative N-linked glycosylation sites (-N-X-T/S-) are located at aa 356 and 378 in the THEV fiber. Both of the IVS mutations were located exactly two amino acids before these glycosylation signals and the VVS asparagine-toaspartate mutation resulted in complete removal of the putative glycosylation sequence at aa 378. Mutations proximal to or resulting in alteration of N-linked glycosylation sequences in the fiber knob have been observed to result in different haemagglutination profiles (Arnberg et al., 1997) . It is possible that alteration of fiber glycosylation in the virulent strains could result in increased infectivity and/or decreased virus neutralization, and probably increases the virulence of the virus.
Speculation on pathogenesis
Viruses face selective pressure based on their ability to avoid the host immune system. In addition, viruses that kill their hosts during infection are at a disadvantage because a dead host cannot produce more viral progeny. Therefore, genetic mutations may generally progress towards a less virulent phenotype and at the same time must provide the virus with some competitive advantage (Tizard, 2000) . In this way, the genetic variations found in the different strains of THEV are likely to be responsible for increasing the virulence of virulent strains and conversely decreasing the virulence of the avirulent strains. As there was no identical mutation found in all virulent or all avirulent strains, multiple factors must be involved.
The MSV strain is thought to be a moderately virulent strain relative to the other virulent strains in this study. The MSV strain is thought to be the same as the 'avirulent II' strain isolated in 1977 and tested for use as a turkey vaccine strain (Domermuth et al., 1977) . In the original tests, 25 % of turkey poults inoculated with this virus had moderate intestinal lesions with no mortality and a small spike in mortality during field vaccination trials. Due to the HE lesions caused by the virus, it was only used as a vaccine against MSD in pheasants (Domermuth et al., 1977) . As a vaccine, it did not cause clinical lesions in pheasants, although clinical MSD is rarely, if ever, seen in experimentally inoculated pheasants (Domermuth et al., 1979a) .
The intestinal lesions that the MSV strain caused in turkeys were not nearly as severe as those caused by VVS. In this study, the fiber knob of MSV was found to be identical to that of four of the five avirulent strains. As MSV is an intermediate virulent strain, this is further evidence that the fiber is just one of a number of factors contributing to virulence. Reports of virulent field isolates with varying degrees of pathogenicity seem to support the possibility of varying degrees of virulence (Itakura et al., 1974) .
The exact mechanism of intestinal lesion formation during THEV infection is unknown, but it is linked to a Tlymphocyte-induced systemic shock in response to viral infection (Pierson & Fitzgerald, 2003) , and the nonstructural proteins ORF1 and E3 could be involved. The cysteine-rich motif discovered in the siadenovirus E3 protein resembles the CR3 domain of the mastadenovirus E1A-13S protein. E1A-13S interacts with the TATAbinding protein and other cellular transcription factors and activates transcription of viral genes (Bruder & Hearing, 1989; Culp et al., 1988; Geisberg et al., 1994 Geisberg et al., , 1995 Parker et al., 1997) . E1A-13S activates the tumour necrosis factor (TNF) gene in inflammatory cells, and this activation is dependent on this CR3 domain (Metcalf, 1996) . TNF-a treatment has been shown to cause haemorrhagic intestinal lesions similar to HE in experimental animals. Treatment with thalidomide, a specific antagonist of TNF-a, has been shown to prevent clinical HE in turkeys infected with THEV-V (Suresh & Sharma, 1996; .
A major consequence of THEV infection is the depletion of IgM + cells in the spleen during peak viral replication Saunders et al., 1993) . Apoptosis in the spleen is observed concurrent with increasing viral replication, although it is not known whether THEV-V encodes a gene product that is capable of directly inducing apoptosis of target cells . It may be that THEV ORF1 or E3 protein acts in a similar way to mastadenovirus E1A-13S, upregulating TNF production and causing apoptosis.
It is unusual for a wild-type adenovirus to cause apoptosis. The mastadenovirus E1A-13S protein is known to cause apoptosis, but only in mutant viruses lacking the E1B and E3 gene functions. The inability of THEV-V to inhibit apoptosis in infected cell populations may trigger an inflammatory shock response consistent with the intestinal lesions and mortality associated with HE. If this is the case, it may be that the changes found in THEV-A proteins alter their activity and prevent apoptosis. Alternatively, mutations resulting in a loss of anti-apoptosis function in THEV-V or a gain of anti-apoptosis function in THEV-A ORF1 would theoretically result in a similar phenotype. It has not been determined whether THEV-A causes apoptosis, so it is unclear whether apoptosis is solely responsible for clinical lesion formation.
Our comparison of many strains of THEV has revealed that virulence probably depends on multiple factors, and differences in virulence were not traceable to any clear genetic markers. Changes found in the glycosylation signals in the fiber of most of the virulent strains strongly suggest that they play a role in enhancing virulence. Changes found in all of the avirulent strains in the same regions of the putative ORF1 and E3 proteins may lead to alteration of their activities and therefore decreased virulence. It is tempting to speculate about the potential role of the ORF1 and E3 proteins in apoptosis and the pathogenesis of THEV-V in vivo. However, the lack of clear homology between E3, ORF1 and mastadenoviral genes inhibits predictions about functional similarities. Future studies will test these candidate virulence factors by reversion of the mutations, followed by in vivo pathogenicity studies. Further characterization of the transcription patterns and mechanisms of pathogenesis must be performed before the specific genetic changes responsible for variation of virulence of THEV-V and THEV-A can be confirmed.
